The behavior of lithium (Li) electrodeposition in room temperature ionic liquids (RTILs) containing aliphatic quaternary ammonium cation was investigated by in-situ optical microscope observation. As a result, round shape Li deposits were obtained after deposition in all cases with vinylene carbonate (VC) as an additive, while most deposits were dendritic without VC. AC impedance spectroscopic measurements indicated that the dendrite growth was suppressed when a surface film with large resistance was generated. 
Introduction
Li metal is a candidate for negative electrode materials with larger capacity density than carbonaceous materials, meaning that Li metal battery systems are expected to show higher energy density. From this point of view continuous research is underway to utilize the Li anode for rechargeable batteries, although it not yet widespread. 1 One of the biggest obstacles to its commercialization is Li dendritic growth on the negative electrode during charge, which causes short circuits and poor cycleability. 1 Aurbach's group proposed one mechanism for the Li dendrite formation. 1, 2 First, the electrolyte, usually organic electrolyte, reacts with Li metal, generating surface film. When Li is deposited, the volume of Li metal of the electrode is increased and a part of the surface film cracks. Li ion easily passes through the crack and Li deposition concentrates in the crack. Dendritic lithium can cause short circuits by penetrating the separator, which affects the safety. During discharging, dendritic lithium can also form Li isolated from the electrode, so-called "dead lithium", which leads to poor cycleability. So the property of the surface film is thought to be a significant parameter affecting the morphology of the electrodeposited Li, and therefore the safety and the cycleability.
It is very important to investigate the conditions for dendrite-free Li eletrodeposition. There are many studies on the electrodeposited Li morphology in aprotic organic solvents, 17 but few in room temperature ionic liquids (RTIL).
812 Among RTILs, we are interested in those which are stable at cathodic conditions such as Li redox potential, 9,13,14 because they might form either no surface film or a different type of surface film form those formed in the case with conventional organic electrolyte. We recently reported on the morphology of electrodeposited Li. 9, 10 In PP13[TFSA]-based (PP13; N-methyl-N-propylpiperidinium, TFSA; bis(trifluoromethylsulfonyl)amide) electrolyte with 3 wt% addition of VC, fine nondendritic particles were obtained, while dendritic Li was obtained without VC. In this case, VC addition had an effect of dendrite suppression. This effect was also confirmed in PP13 
Experimental
Electrolyte preparation was carried out in a dry room in accordance with the previous reports. 13 (Fig. 1) . 0.35 mol kg ¹1 (ca. 3 wt%) of VC was added to each electrolyte. Cell fabrication was carried out in an Argon (Ar)-filled glove box in accordance with the previous reports. 9 For the in-situ optical microscope observation, a custom-made two-electrode cell was fabricated. The working electrode was nickel (Ni) foil (Nilaco, 99.7%) and the counter electrode was Li thin film pasted on copper foil (Honjo metal). The distance between the two electrodes was fixed at 1 mm by a spacer ring. The working electrode surface was observed in-situ by an optical microscope through a hole on the counter electrode and a quartz glass window in the cell. The lithium electrodeposition was carried out with 50 µA cm ¹2 of current density 
Results and Discussion
The voltage-time profiles for the cell with Py14[TFSA]-based electrolyte without and with VC are shown in Fig. 2 and the in-situ optical microscope images of the Li-deposited Ni electrode are shown in Fig. 3 for the case without and with VC. Only the initial 1,400 s of the deposition time is shown in Fig. 3 , although the total deposition time was 60,000 s. In both cases, side reactions were observed when the voltage reached 1.5 V, and this side reaction proceeded until the voltage reached 0 V in about 800 s. Just after the cell voltage reached 0 V, the lithium deposits were observed (Fig. 3) , which means that nuclei of Li deposits were generated at that time. VC addition did not have an effect on the time taken for the nuclear generation, which indicates that the charge used for reduction of VC was not so large. After 60,000 seconds, dendritic Li was observed without VC. In contrast, with VC, round-shape Li was observed for the cell with One or two depressed semicircles were observed in the lower frequency region and a line or a part of a small semicircle was observed in the higher frequency region, similar to the report by Aurbach and Zaban. 17 They proposed that the structure of the interface between Li and electrolyte can be modeled as a combination of an R component of solution resistance and RC components which come from some interfaces and bulk (2012) layer of surface film. The depressed semicircles shown in Fig. 5 were thought to consist of some components with similar time constants. The horizontal diameter or their summation is the total value of the resistances in the RC components. Clearly the total resistance was higher for the case with VC, which indicates that a specific surface film was formed by VC addition. Although the impedance spectra contain information about both the working electrode surface and the counter electrode surface, it is thought that the resistance increase was caused not only on the counter electrode surface but also on the working electrode surface.
For the PP13[TFSA]-based electrolyte, we have already reported the difference in the morphology of electrodeposited Li between the cases with and without VC, 9, 10 and in that report, we proposed a mechanism for the dendrite suppression: The combination of a RTIL which is stable at cathodic conditions such as Li redox potential, and VC would form a film which consists chiefly of VC-originated components. This film could suppress the localization of Li deposition, and therefore the dendritic growth of Li. The results of linear sweep voltammograms in the negative scans shown in Fig. 6 . In systems with low viscosity, high mobility of Li ion can be expected, increasing the Li ion supply concentration to rather active sites, and thus, dendritic growth of Li. But in fact there were no differences in the dendrite suppression effect between the three systems with VC, so the viscosity did not have a large effect on the dendrite suppression in these cases. The result obtained in this study indicates that the morphology of the electrodeposited Li would be affected more by the stability of the RTIL for reduction than by the viscosity of the RTIL.
Conclusion
We compared the behavior of lithium electrodeposition in At that time, a surface film with high resistance which was thought to mainly consist of VC-originated components was formed. The morphology of the Li deposit was affected more by the cathodic stability than by the viscosity of the electrolyte base among the electrolytes used in this study. 
